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208-W average-po$er TEMoo-mode operation from a diode-puaped Nd:YAG rod laser raas deuonstrated The

side-pumpint method of generaturg a high-gain abe!'ration-free rod, the bifocusing-coEpelsation techrdque-

with-two: idintica-ly puzrled rods, and a suit"bl" choice of beam spot size were smployed i! t}le design of

this laaer. At the llaximutt} pump powet of 1.1 kW the fundamental transverse-rdode operaiion (Ml < 1'l)

waa characterized by ?.6% ele;ricrl efficienry. The extraction efficiency was almost 60fo of full mritimode

operation. Stable op".atior, *as obtained within a pump'power range of 15% of tie ma]oltrum 'purrrp power_
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High-efficiency high-brightness operation of diode-
DumDed solid-state lasers i.s attractive for the appii-
cations of material processing and remote sensing
and as a pump source for frequency conversion. In
recent yea-rs many high-average-power diode-pumped
solid-state laserslr have been investigated. One of
the topics i.n this field is how ma:ry watts of pow-er
these lasers produce in the TEMoo mode. In the
high-average-power pumping condition a laser ma-
terial itself is optica-lIy and mechanically distorted
by power dissipated as heat. Ttre optical losses in a
Iaser resonator that are caused by these distortions
prevent the laser from efficient operation in the TEM66
mode. Three factom iimit the TEM00 output power for
a Nd:YAG rod iaser.

First, thermally induced spatial variation of the re-
fractive index in the Nd:YAG causes the laser rod to
act as a lens with a variable focal length. Ttris creates
zones of stable TEMoo-mode operation. Thermally
induced stresses in the isotropic Laser rod create bire-
fringence, and the cavity mode is split into two com-
ponents that are projected along the radial (r) and
the tangential (d) axes. Stable TEMoo-mode opera-
tion can be achieved only in the pumPpower ra-age il
which the zones for the r- and the /'pola:ization modes
overlap- The overlap zone becomes narrow as the
TEMqo-mode radius i:r the rod becomes wide. Mur-
dough a:rd Derman3 demonstrated that the largest
TE loo-mode radius that can be supported by a single
Nd:YAG rod is approxinately 1.J. mm., iadependent of
the physical size of the rod. This maximum accepted
mode volume in the rod limits the extracted TEMoo out-
nut oower from the laser.- 

Second, deviation foom uniform pump distribution
causes thermally induced optical aberration in the
rod. The transmitted and aberrated wave front from
the rod induces diffraction ]oss in the resonator. The
optical efficienry of the laser is essentially determined
bt the ratio of round-trip optical loss to optical gai .
Compared with the increuent of rod gain, which
is proportioual to the pump power, the diffraction
Iosi rhat is caused by thermally iaduced aberration
increases more rapidly as the pump power increases
The optical efficiency decreases according to the pump
power, and consequently the output power is limited.

Third, the fracture strength of the rod piaces a limit
on how hard it can be pumped' This pump-power

limitation also limits the oulput power' Thus, the

reoorted outDut powers in the TEMoo mode have been
limited to the 100-W level.4 i

The first important task in overcominC !h9 3EM0o
ourput power li-itarion is obtaining a suitable sptt
size at the mode-selecri:rg aperture of the laser rod ror
the purnose of maximizing the beam overlap efficiency
and'minlmizing the rod edge-diffraction effect' The
seoaration of tf,e stability zones of polarization modes
na-kes it difficult to obtain an arbitrary spot size'

Thus, making the zones of the polarization modes iden-
tical is the f,ey technology in overcoming this li+i'
tation. The second important task is reducing the

ir:fluence of laser rod thermal abenations t'hat cause

diffracUon loss in the resonator. Considering that the

opdcal efficiency is determrned by the ratio of-optical
Ioss to eain in the resouator, higher gain and lower
aberrati-ons relax the power limitation' Tidwell et al "

used an aspheric lens to comPensate for these aberra'
iioo*. Ho*"o"", the compeniation is ideally doae at

a fixed uump power, alrd consequently the stabie op'

eratioo ra:rgi of th" TEMoo mode is nanow' A pump

method tha; generates a uniform pump distribution ia

the medium,6 coupled with intense purprng ot the lmn

rod, is in our opinion the best approach to this problem'

htense pumping of the thin rod generates hi.gh gain'

and a uniform pump distribution causes a radlal para-

bolic temperatwe distribution' resulfing. in an idPtl

Iens vrithout thermal aberration over a wide pumprDg

range.
A coss section of a high-pump'power qtod-t{g -!!{

realizes high gain and low aberration in the Nd:rAu

rod is shoivn 
-in 

Fig. 1. Twelve 5-bar stacked diode
arrays with a cyli-ndrical micrometer aray (SDL

3245-J5) with a 
-fourfold 

symmetrical side-pumping
configuration were used. The total diode output
peuk"power was 2.75 kW' with arl average power.of

lSO W. ttt" p"lse repetition rate was 1 kHz' For the

diode fast axis- the output beams from the stacked diode

urruy. *"r" collimated individually by the cylindrical
micrllens array and line focused by the aspheric
cvlindrical lens. To minimize the focusing line thick-
ness we designed the focal length of the aspheric
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Fig. 1. Cross seqtion of the high'pump-power low-
aberration pump module.

cylindrical lens to be ? mm' The output power from
ile stacked. diode array was power combined in ihe slab
waveguide and then lransported inside the diffused
p;p*; cavity through tle- slab waveguide 6 The^ro"ti*6 

of the slab wiveguide was rectangular' and
its width and thickness were 15 mm and 400 pm'

resDeccivelv. The area of this aperture was only
3.7% of thi surface area of the pumping-caviry inner
wall. For the 12 stacked diode arrays t'he averaged
transport efficiency from diode output power to power

that was incident upon the diffused pumping carrty
was 87Vo. The marimum peak-power line density
was -500 W/crn, with an average power line density
of 100 W/cm. The reflectivity of the pumping-cavity
inner wall, tvhich is made of ceramic, was more than
979o. The ,rircular symmetrical pump beams from
the slab waveguides were diffused by lhe cavity -wall
ald also by t-he cooling sleeve, which was made of
sapphire. The inner surface of the cooling sleeve
was ground-rough polished. These reflection-. -and
transmission-type diffusers generated a umlorm
pump-beam diitribution inside the laser rod. Finally,
ih" po*p efficiency from the diodelaser output power
io ii" oo*"t absorted by the laser rod was estimared
from the measured slope efficiency of firil multimode
ooeration. For md diameters of 4 and 3 mm the pump

eificiencies were as high as 724o and 63Va, tespectively
The fluorescence distribution, measured at the

rod. end, was uniform at any pump-Power levcl, and
an aberration-free laser rod was expected' To con-
firm this we measured the wave-front errors tbr a
non-lasing-pumped 3-mm-diameter rod, using a Zygo
MarkGPIxp interferometer. The ideal thermal lens
lparabolic wave-front error) was removed by use of a
Jefocus"d telescope, and the residua-l was rernoved by
means of signal processing. Because of the strong
ideal thermal lens we were able to remove tlxe para-

bolic factor only up to the medium average pump

oower of 230 W, which is less than half the maxi-
mum pumplng power of 550 W. Figure 2 shows
the pump-pow:er dependence of the peak-to-valley
fP-V) ald the rms transmitted wave-front errors

normalized by the wavelength of 1.064 pm' At the
numoing power of 230 W, rhe increment of rms trans-
mitted 

-wave-fronc 
errors 'thermal aberration' .\'D)

is less and 0.004n t230w' Then. ar rhe maximum
pump power of 1.1 kW, which we obtained using two
po-p -oaot"., the cavity round-trip diffraction loss

caused by this thermal aberation is negligible, i e',
4n2(\,b)z - r.44?o.

To compensate for the thermal-bifocusing effect
of Y.{G, we considered using the birefringence-
compensating techniqueT with two laser rods' A
quaitz rotator set between tbe rwo laser rod changes
t'he oolarization states tradial and tangential) and
averages the thermal-lens power for both components'
The niost important factor in this compensatio! is that
the trvo laser rods are identically pumped. Figure 3
shows the average diode output-power dependence
of the average laier output power for single-module
svstems (modules l and 2) and a dual-module system
(module 1 + module 2). Laser rods of 3-mm diameter
were placed. in resonatorc of 140-mm (one'rod configu-
ratlon) and 290-mm (two-rod configuration) length,
respecrivelv. The output mirror reflectivity was
57.iq.. As shown in Fii. 3, the slope efficiencies were

almost identical for singie- and dual-module systems,
i .e . ,34.79a.

Using these pump moduJes, we demonstrated high

averag;TEM0o-mocle operation' A schematic diagram
of thJ s]ryrmetrical plane-plane oscillator is sholi.n
in Fig. 4ia). The simulated shapes of the laser beam
in the resonator for both the radiai and the tangen-
tial components at ihe highest pump power of ,1 1. kW
are shown in Fig- 4{b). The propagatron oI these
comDonents is almost identical' and the output beam
is well riecomposed in the TEMoo mode. To maximize
the beam overlap efficiency and minimize the diffrac-
tion effects at tJre laser rod aperture, we designed the
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Fig.2. Single-pass vrave'front distortion as a function of

diode output power.
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Fig.3- Average outpu.t power as a function of average
dio-de output pdwer in full multimode operation with single-
and dual-module systems.
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Fig. 4. Schematic diagram of ial tire TEM,,r,-morie iaser
oscillatol and ibr beam propagation in the re-sonator fbi:
'both 

rhe radial and the rangential comDouents ai the
highes'.  pump power oi 1.I  k\ 
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Fig. 5. .Average laser output pow-er tiilied circlesr and
ieser beam M! factor (open circles t ciependencies of aterage
laser ouiour Dower.

Fig. 6. Two- anri three-dimensionai laser beam profile: a"
i08-!1' outout power.

ireair, radius al ihe rcrd end to be i 
-1.4 r-i. l  rnni,ol l l t:

: 'r,C : adius at the highest plimlt po\\ 'el:. Two concavt
lenrses of 5C-mm iocal lenses '\i'el'e usec ib:- this ourpo-se.
The hrgh gain oi the 

'laser 
rc.rC allorl'ec' u: tc use :r.rl

ou :nu l  m i r ro : '  r \ ' i Ln  J r  r ' ;  ' e f le ' r r \ . i r '

Flgure i i sirorv-. th€ average iasel' ouinui Do\ic:
rnc the i leanr-prou?rgniion taciot' l I: i '^s :. i lultc:i(Ji-r oi
l.trt r i le:ngr' cl iodl uutpui |or'"et. Tirc i:rgiesi ituit; i l l
i . !!eiadr- uo\i,r '  i ' ;ar, f()f ' ,r '  ei lhe milt iuun ti i ..,r i"
:rull i l l  a\;cli ige pou'er ot .. i  i t\ i-. Tirt l lgaii Lroi-r 'ct
: i;r 'r 'csu'rlci iLtg i(; l-his irvelrg. D{)\ 't l  u'{! i i)ole lt l i i t '
1 i:\I". ' l ' i ic lasel trcitt l  l tfr "r,:"tt i i t l ir ir p"ritt i  r ' ,r,. [ 's.

-\ ' irn l-. i !)t:)9 \;| 1i. n 1(r ()PTI(IS LITTEITS ti l l l

than i.1. The ootical anci ihe electrical ejl iciencies
u'ere 1fi--o"i and ?,6?- respectivelS'. Tbe output. hearr
profiie s as u.'ell fitteci to a Gaussian nr<.rfile. as shorvu
in Fig. 6. The snrall { ie\-iatjon from the Gaussian plo-
fi le is consideleci io be caused b1'the lou' nonunilbrmitt
ol t irt- foulfri iC symmetlical pumpilg configu;'ation
Tbe unpolar ized TENii",-mode output Pou'er" of 208 W
is ainost 607 of the oulput power in full muliinrode
opelaricrn (M: - 50). TE}'Iex-mode stable operarion
rMr ': 1 5 | \a'as obrained in the pump'power ran€fe 940-
i100 \\ '  115t of the maximum pump power). This f 'acl
;urprised us- irecause ihe stable pump-power ran3e

er:pectei fi'om srabilitr- anaiysis is onll- -5? of ;he
rrra:imurr liump polver'. To explain this discl€pancl'.
researcirers are stuCling reducrion c'f thermai loaci-
rng uncier condirions of -ase:" estracrion.'! \!e belre\-e
thai rhis retiucrion of the thelmal-fbcusing effect en-
iarges the stable zone l'idth, and this efiect is aulac-
rive ibr TEiVlor-mode siable operation of Nci:YAG iasers.

In aridirion. alrhough we have not obtaineci iinearji'
pola|ize<i TEMr16-mode operaiioD with an iniracariit
poiarizer. !ri3:h-gain opelation and birefi ingenr: torc-

uensaiion. rvhich have the same configul:aijon as bi-
iocusiag compensation- ale believed ro provide highil'
efiicieni operation,

In summar5. s'e hate deuronslrate<i whai is to out'
nnorvlecige the highest TEJ{oo average outpu: po\l-el'

in the soiid-stare laser oscillator regime. An average

ouiput polver of 208 if \\-as obtained. with an opti-
cai efficiencl'as high as 18.97r. The stt'aregf iirat we

used to desigr: this la-"eI's'as to develop a side-pumping
nerhori ihat generared a uigh'gain aberrarjr-'n'fi'ee rod.
empioi, a tq'o-roc bifocusing-conpensatlon recnnlque.
anc optimize :he beam spor size ai rhe ma:iimum
purnD power. As abert'ation-free high-gain laser rocis
wele reaiized. the ourpui po'a'er limiiation cf TEMr,o
rnode r.'as not seen at the Dower levei ihat was ob-
-i: ineC. In addi:ion. we oirtainei a te:'I-Iar-:e : '"ebl='

op:rarior: .prmn-pr)\",rel l ange o{ \lir of i'he :na::in:il:
;lunp irD\i;el'.
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